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a b s t r a c t
An intensiﬁcation and integration process of preparing highly thermal stable polylactide was reported.
Calcium complex 1 [LCaN(SiMe3)2]2 (L ¼ 2,5-bis-((pyrrolidin-1-yl)methene)-1H-pyrrole) was employed
to synthesize the alcoholic chain-transfer agent and catalyze the immortal ring-opening polymerization
of L-lactide in one pot. 1H NMR spectrum and MALDI-TOF mass spectrum analyses indicated that the
polymer was end-capped by phosphate ester and hydroxyl groups. The resultant phosphate ester capped
polylactide exhibited a Tonset of 57 C higher than that ended with benzyloxy group, since the unzip
degradation of PLLA initiated by back-biting was inhibited during the heating process.
© 2015 Elsevier Ltd. All rights reserved.
1. Introduction
With the expansion of the global population, shortages of the
energy and resources, and environmental pollution, human-being
has been encountering the crisis of survival. Hence, “green chem-
istry” proposed in 1990s has aroused considerable attention and
become compulsive to avoid using and generating hazardous sub-
stances when producing chemicals or to improve the present
processes and techniques with an intensiﬁcation and integration
strategy [1]. Poly(L-lactide) (PLLA) as a kind of green plastic with a
worldwide production of ca. 182 000metric tons in 2011, occupies a
prominent place in the green industry. However, PLLA easily
degradates to low molecular weight products or reduces its crys-
tallinity when processing owing to its low thermal and light sta-
bility, which narrows its applicationwindow [2]. The initial method
to improve PLLA thermal property is to prepare nanocomposites by
blending PLLA with nanoﬁller [3] or thermal stabilizer [4] through
solution casting, ultrasonic or melting processes. These physical
processes are energy consuming and hard to avoid microphase
separation of the resultant materials [5]. In the meantime, the
chemical method of end-protection [6] could improve the thermal
stability of PLLA through reacting the PLLA macromolecular chain
ends with some reagents to inhibit the back-biting reaction that
initiates the unzipping depolymerization of PLLA [7]. Currently,
end-protection is performed through post polymerization modiﬁ-
cation, which is complicated, low efﬁcient and not environment
benign, moreover, unsuitable for large scale manufacture.
Biocompatible calcium catalysts involved reactions ﬁt the cur-
rent demand of green chemistry, and in particular, have advantages
in developing biocompatible polymers. The electropositive nature
of the divalent calcium ion and its large ionic radius endows the
calcium complexes extremely high reactivity but poor solubility,
which have hindered further exploration of calcium-mediated
chemistry for the past century. Until recently, well-deﬁned cal-
cium complexes have been synthesized and shown remarkable
catalysis in “immortal” ring-opening polymerization (iROP) of bio-
resourced cyclic esters [8] and organic transformations [9], such as
the hydroamination [10,11] and hydrophosphination [12] of the
unsaturated substrates. However, compared with the well estab-
lished transition metal based chemistry, the calcium based chem-
istry is still an infant.
Herein we report the synthesis of a tridentate pyrrolyl ligated
calcium complex 1 and its catalysis towards the hydro-
phosphonylation of aldehydewith diethylphosphite to generate the
chain-transfer agent, a-hydroxy diethylphosphonate, PhCH[P(O)
(OEt)2]OH (POH) and the following iROP of L-LA in one pot to give
the phosphate ester capped thermo stable polylactide in situ
(Scheme 1).
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2. Resurts and discussion
In light of the variable coordination modes of N-k1(s) and h5(p)
for the pyrrolido moieties that have played a signiﬁcant role in
stabilizing organometallic complexes [13], a tridentate 2,5-bis-
((pyrrolidin-1-yl)methene)-1H-pyrrole (HL) was used to stabilize
the calcium amido species. The reaction of HL with one equiv. of Ca
[N(SiMe3)2]2(THF)2 in toluene afforded complex 1, LCaN(SiMe3)2, in
a good yield (ca. 71%) (Scheme 2). The singlets at 6.25 ppm and
0.03 ppm are assigned to the protons of pyrrole and the methyl
protons of the amino groups N(SiMe3)2, respectively, with the in-
tegral intensity ratio of 1:9, indicative of one pyrrolyl ligand vs. one
amino ligand. X-diffraction analysis revealed that complex 1 is a
dimer. Each ligand coordinates across two calcium ions in the k1-N:
m2-N: k1-N tridentate mode. The two pyrrolyl nitrogen atoms and
the two calcium atoms form a square bisecting the molecule, and
there is a C2 symmetric axis across the center of the square. Four N
atoms from the two pyrrolyl ligands and one N amino atom form a
trigonal bipyramid geometry around each calcium center. The
distances between the bridging N atoms and the calcium ion Ca(1)-
m2-N(4) and Ca(1)-m2-N(5) (av. 2.498 Å) are slightly shorter than
those of the coordination N atoms and the calcium ion (Ca(1)-k1-
N(2) and Ca(1)-k1-N(3): av. 2.657 Å), but longer than those of the
Ca(1)-s-N(1) (2.319 Å), all fall in the reasonable range comparing to
the literature (Fig. 1) [14].
Immortal polymerization reported ﬁrstly by Inoue et al., in 1985
has attracted extensive attention of researchers [15], since it is
highly efﬁcient by generating more polymer chains from one active
metal center as compared with the conventional living polymeri-
zation that grows one polymer chain from one active species;
meanwhile through the rapid and reversible exchange reaction
between the chain transfer agent (CTA) and the living metal active
species, the polymer chain ends are in situ capped with CTA moi-
eties that might contain functional groups [16]. Therefore, the bi-
nary catalytic system composed of 1/POH, which possesses unusual
biological activity [17], was assayed the activity toward the iROP of
L-LA. The polymerizations went on smoothly to reach high yields
within 1 h. The molecular weights of the afforded polymers were
well consistent with the corresponding theoretic values, mean-
while, the molecular weight distributions kept relatively narrow,
suggesting that the polymerization proceeded in a controlled
manner. Noteworthy was that, under the same monomer-to-Ca
ratio (1000:1), the molecular weight of the resultant PLLA
decreased from 2.01  104 Da to 0.45  104 Da with increasing the
chain transfer agent loading from 5 to 40 equiv. relative to [Ca]0
(Table 1, entries 1e4). The calcium complex 1was so tolerant to the
protic POH that in the presence of large excess amount of POH
(100 equiv. to [Ca]0), it still maintained the high catalytic activity
(Table 1, entry 5). Recently, alkaline-earth metal complexes were
reported as the effective catalysts for the hydrophosphonylation of
aldehydes with dialkylphosphite to prepare the a-hydroxy phos-
phonates [18]. This promoted us to synthesize the chain transfer
agent POH and perform the polymerization of lactide in one
pot. Complex 1 was employed ﬁrstly to catalyze the hydro-
phosphonylation of aldehydes with diethylphosphite. The above
reaction mixture was stirring for 10 min then was added L-LA to
carry out the polymerization for 1.5 h with a 91% conversion
(Table 1, entry 6). Comparatively, the catalytic activity for this in situ
generated immortal polymerization system decreased slightly, but
the polymerization was still controllable (Table 1, entries 6e8).
All the polymer chains are capped by hydroxyl group at one end
evidenced by giving the resonance at 2.68 ppm, a typical feature of
a polymer obtained by an immortal polymerization. The multiplets
at 6.14, 4.10 and 1.21 ppm are attributed to the methine, methene
and methyl protons of the fragment PO(PhCH[P(O) (OCH2CH3)2]O)
at the other polymer chain end arising from the chain-transfer
agent POH (Fig. 2). This was further corroborated by MALDI-TOF
MS (Fig. 3), where a single population of PLLA macromolecules
corresponding to PhCH[P(O) (OEt)2]O-(C6H8O4)n-H and a large
amount of transesteriﬁcation product PhCH[PO(OEt)2]O-
(C6H8O4)n-C3H4O2H were detected [19]. Nevertheless, the chain
ends were capped by hydroxyl group and chain-transfer-agent
moiety (phosphate ester).
Thermogravimetry measurement under nitrogen was carried
out. An important parameter to evaluate the thermal stability of the
material is the onset temperature (Tonset) at 5% weight loss. With
the same molecular weight, the Tonset of PLLA capped with phos-
phate ester is 338.22 C, which is 57.2 C higher than that
of PLLA capped by benzyloxy group (Fig. 4a) [21]. And this differ-
ence on Tonset doesn't vary with the molecular weight (Fig. 4b and
c), indicating that phosphate ester can dramatically improve ther-
mal stability of PLLA. The possible mechanism was assumed as
follows: at high temperature, the phosphate ester group releasedScheme 1. Synthesis of PLLA capped with phosphate ester group in situ.
Scheme 2. Synthesis of complex 1.
Fig. 1. ORTEP diagram of the molecular structure of complex 1 with 35% probability
thermal ellipsoids. All of the hydrogen atoms are omitted for clarity. Selected bond
distances (Å) and angles (deg) of complex: Ca(1)-N(1) 2.319, Ca(1)-N(2) 2.664, Ca(1)-
N(3) 2.651, Ca(1)-N(4) 2.499, Ca(1)-N(5) 2.498, Ca(1)-Ca(2) 3.758, N(1)-Ca(1)-N(2)
89.13, N(1)-Ca(1)-N(3) 89.94, N(1)-Ca(1)-N(4) 138.92 N(1)-Ca(1)-N(5) 138.42, N(2)-
Ca(1)-N(3) 179.07, N(2)-Ca(1)-N(4) 107.68, N(2)-Ca(1)-N(5) 72.69, N(3)-Ca(1)-N(4)
73.04, N(3)-Ca(1)-N(5) 108.05, N(4)-Ca(1)-N(5) 82.66, Si(1)-N(1)-Si(2) 133.06.
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phosphoric acid that can react with the hydroxyl end group [22],
which inhibited the chain back-biting reaction that facilely arouses
the unzipping depolymerization of PLLA, thus the thermal stability
was improved. The hypothesis was conﬁrmed by the following
result: after a PLLA sample was heated at 280 C for 15 min, the
resonances of its phosphate ester and hydroxyl end groups at 6.14
and 2.68 ppm disappeared, suggesting that the phosphate ester
might degrade, which was consistent with the degradation of a-
hydroxy phosphonates observed at the temperature ranging from
263 C to 325 C corresponding to the cleavage of PeO bond with
the release of phosphoric acid (Fig. 5).
3. Conclusion
An intensiﬁcation and integration process to prepare thermal
stable PLLA was established, which combined the synthesis of the
transfer agent and the in situ immortal polymerization of L-LA
together. Both hydrophosphonylation reaction and iROP were
atom-economical and effective. The thermal stability was improved
through the interaction of phosphate ester group at one PLLA chain
end arising from the chain-transfer agent with the hydroxyl group
at the other PLLA chain end generated from the immortal poly-
merization, which avoided the unzipping depolymerization during
heating process. This work provided a new chemical strategy
of modifying PLLA thermo stability through chain-end-protection
Table 1
iROP of L-LA catalyzed by 1/PhCH[P(O) (OEt)2]OH (POH).a
Entry [L-LA]0:[1]0:[POH]0 Time (h) Yieldb (%) Mn, calcdc (104) Mn,expd (104) PDId
1 1000:1:5 1 95 2.76 2.01 1.67
2 1000:1:10 1 98 1.43 1.46 1.75
3 1000:1:20 1 99 0.74 0.74 1.59
4 1000:1:40 1 99 0.38 0.45 1.45
5 2000:1:100 1 97 0.30 0.29 1.25
6e 1000:1:10 1.5 91 1.33 1.21 1.35
7e 1000:1:20 1.5 86 0.64 0.64 1.51
8e 1000:1:40 1.5 97 0.37 0.41 1.35
a Conditions: complex 1: 10 mmol, toluene: 5 mL, T: 60 C.
b Isolated yield after precipitation.
c Mn, calcd ¼ [L-LA]0/[POH]0  144.13  Yield þ MPOH, with MPOH ¼ 244.23 g/mol.
d Determined by size exclusion chromatography calibrated vs. polystyrene standards, and corrected by a factor of 0.58 according to literature recommendations [20].
e Synthesis of the chain transfer agent and polymerization of L-LA in situ.
Fig. 2. 1H NMR spectrum (400 MHz, CDCl3, 298 K) of an oligomeric PLLA (Mn,SEC ¼ 2900 g/mol, Mw/Mn ¼ 1.25) prepared with the binary catalyst system 1/POH ([L-LA]0/[1]0/
[POH]0 ¼ 2000:1:100).
Fig. 3. MALDI-TOF MS spectrum (major population: Naþ) of a PLLA sample
(Mn,SEC ¼ 2900 g/mol, Mw/Mn ¼ 1.25) prepared with the binary catalytic system 1/POH
(Mn,calcd ¼ 144.13  DPþ244.23 þ 23.01, where DP is the degree of polymerization,
MPOH ¼ 244.23 g/mol, MNa ¼ 23.01 g/mol and ML-LA ¼ 144.13 g/mol).
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in a highly efﬁcient and “green” manner by means of immortal
polymerization of L-LA with the biocompatible calcium based cat-
alytic system combining the in situ generated chain-transfer
alcohol.
4. Experimental section
4.1. General procedures
All reactions were carried out under a dry nitrogen atmosphere
using Schlenk techniques or in a glovebox ﬁlled with dry nitrogen.
Toluene was puriﬁed using an SPS Braun system. THF was dried by
distillation over sodium with benzophenone as indicator under a
nitrogen atmosphere and was stored over freshly cut sodium
in a glovebox. Benzyl alcohol was purchased from Aladdin and
dried over by calcium hydride prior to distillation. Calcium iodide
was purchased from Aldrich and stored in a glovebox. Ca
[N(SiMe3)2]2(THF)2 can be prepared via salt metathesis involving
treatment of the metal halides with alkali metal amide. Diethyl
phosphonate was dried over calcium hydride with stirring for 48 h
and distilled before use. L-LA was recrystallized with dry ethyl ac-
etate three times. Glassware and ﬂasks using in the polymerization
were dried in an oven at 115 C overnight and exposed to a vac-
uumenitrogen cycle three times. The molecular weight and weight
distribution of the polymers were measured using a TOSOH HLC
8220 GPC instrument at 40 C with THF as eluent against poly-
styrene standards. Calcium complex for NMR spectroscopy mea-
surements were prepared on the glovebox by use of NMR tube
sealed by parafﬁn ﬁlm. 1H and 13C NMR spectra were recorded on a
Bruker AV400 spectrometer. The MALDI-TOF mass spectrum was
obtained with a Bruker Daltonic MicroFlex LT at the National An-
alytic Research Center of the Changchun Institute of Applied
Chemistry (CIAC). Thermal gravimetric analyses (TGA) for PLLAs
were done using a thermal analysis instrument (SDTQ600, TG in-
struments) from room temperature to 550 C under nitrogen at-
mosphere with a heating rate of 10 C/min.
4.2. X-ray crystallographic study
Crystal for X-ray analysis was obtained as described in the
following preparations. The crystal was manipulated in a glovebox.
Data collection was performed at 86.5 C using a Bruker SMART
APEX diffractometer with a CCD area detector and graphite mon-
ochromated Mo Ka radiation (l ¼ 0.71073 Å). The determination of
crystal class and unit-cell parameters was carried out by the SMART
program package. The raw frame data were processed using SAINT
and SADABS to yield the reﬂection data ﬁle. The structures were
solved by using the SHELXTL program.
4.3. Synthesis of complex 1
Under a nitrogen atmosphere, to a stirred solution of Ca
[N(SiMe3)2]2(THF)2 (0.470 g, 1.05 mmol) in toluene (8 mL) was
added a toluene (10 mL) solution of ligand HL (0.232 g, 1 mmol) at
room temperature. During the addition, the color of the solution
changed gradually from pale yellow to yellow. The reactionmixture
was stirred for 5 h and then concentrated approximately to 1 mL
and added several drops of hexane. Colorless crystal deposited at
the bottom of the ﬂask from the solution under 30 C after one
day. Yield: 71%. 1H NMR (C6D6, 400 MHz, 25 C): d 6.25 (s, 2H, 3,4-
pyrrole), 3.47 (s, 4H, CH2), 2.99 (br, 8H, CH2-pyrrolidine), 1.59 (br,
8H, CH2-pyrrolidine), 0.03 ppm (s, 18H, SiMe3). 13C NMR (C6D6,
100 MHz, 25 C): 138.14 (s, ipso-pyrrole), 112.66 (s, 3,4-pyrrole),
55.52 (s, CH2), 53.66 (s, CH2-pyrrolidine), 21.93 (s, CH2-pyrrolidine),
4.91 ppm (s, SiMe3).
4.4. ROP of L-LA
Polymerization of L-LA was carried out in a 25 mL ﬂask under a
N2 atmosphere. A typical procedure (Table 1, entry 1) was described
Fig. 4. Thermogravimetry analysis curves of PLLA capped by phosphate ester (black curves) and benzyloxy group (red curves) respectively. a)Mn POH ¼ 20 100 g/mol, PDI ¼ 1.67,Mn
BnOH ¼ 27 700 g/mol, PDI ¼ 1.27; b) Mn POH ¼ 14 600 g/mol, PDI ¼ 1.75, Mn BnOH ¼ 15 100 g/mol, PDI ¼ 1.15; c) Mn POH ¼ 4500 g/mol, PDI ¼ 1.45, Mn BnOH ¼ 3200 g/mol, PDI ¼ 1.26.
(For interpretation of the references to color in this ﬁgure caption, the reader is referred to the web version of this article.)
Fig. 5. Thermogravimetry analysis curves of a-hydroxy diethylphosphonate.
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as follows. A solution of complex 1 (4.3 mg, 10 mmol) and POH
(24.4 mg, 20 mmol) was added to a toluene (5 mL) solution of L-LA
(1.44 g, 10 mmol) at 60 C. The reaction mixture was stirred for 1 h
and then terminated by adding several drops acidiﬁed ethanol. The
product was precipitated with abundant ethanol, collected, and
dried at 45 C under a vacuum to a constant weight.
4.5. Preparation of phosphate ester capped PLLA in situ
In a Schlenk ﬂask, complex 1 was added to the mixture of
benzaldehyde (100 mmol) and an equimolar amount of dieth-
ylphosphite (100 mmol) under nitrogen. The resulting mixture was
stirred at room temperature for 10 min, then diluted with toluene
(5 mL). L-LA (1.44 g, 10 mmol) was added to the above reaction
mixture to start the polymerization. After being stirred at 60 C for
1.5 h, the polymerization was terminated by adding several drops
acidiﬁed ethanol. The product was precipitated with abundant
ethanol, collected, and dried at 45 C under a vacuum to a constant
weight (1.31 g, conv.: 91%).
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